Transient receptor potential (TRP) and acid-sensing ion channels (ASIC) are molecular detectors of chemical, mechanical, thermal, and nociceptive stimuli in sensory neurons. They have been identified in the urothelium, a tissue considered part of bladder sensory pathways, where they might play a role in bladder function. This study investigated functional properties of TRP and ASIC channels in cultured urothelial cells from the rat using patch-clamp and fura 2 Ca 2ϩ imaging techniques. The TRPV4 agonist 4␣-phorbol-12,13 didecanoate (4␣-PDD; 1-5 M) and the TRPA1/TRPM8 agonist icilin (50 -100 M) elicited transient currents in a high percentage of cells (Ͼ70%). 4␣-PDD responses were suppressed by the TRPV4 antagonist HC-010961 (10 M). The TRPV1 agonist capsaicin (1-100 M) and the TRPA1/TRPM8 agonist menthol (5-200 M) elicited transient currents in a moderate percentage of cells (ϳ25%). All of these agonists increased intracellular calcium concentration ([Ca 2ϩ ]i). Most cells responded to more than one TRP agonist (e.g., capsaicin and 4␣-PDD), indicating coexpression of different TRP channels. In the presence of the TRPV1 antagonist capsazepine (10 M), changes in pH induced by HCl elicited ionic currents (pH 5.5) and increased [Ca 2ϩ ]i (pH 6.5) in ϳ50% of cells. Changes in pH using acetic acid (pH 5.5) elicited biphasic-like currents. Responses induced by acid were sensitive to amiloride (10 M). In summary, urothelial cells express multiple TRP and ASIC channels, whose activation elicits ionic currents and Ca 2ϩ influx. These "neuron-like" properties might be involved in transmitter release, such as ATP, that can act on afferent nerves or smooth muscle to modulate their responses to different stimuli. bladder; fura 2 calcium imaging; patch clamp TRANSIENT RECEPTOR POTENTIAL (TRP) channels are nonselective cation channels that function as sensors for various stimuli, including temperature, mechanical stretch, or chemicals (2, 53). They are highly expressed in primary sensory neurons, where they play a critical role in nociception, mechano-, and thermosensation. In these neurons, distinct sets of TRP channels are coexpressed in different populations of cells. This differential pattern of expression confers functional heterogeneity to primary sensory neurons, and it is the basis for detection of sensory information (8, 16, 31, 32, 53) . TRPV1 is a capsaicin/heat/pH-sensitive channel (16, 17) ; TRPV4 is an osmotic/temperature/mechanical and shear stress detector (24, 36); TRPM8 is a cold (Ͻ22-26°C)/menthol/icilin-activated channel (38, 41); and TRPA1 is a noxious cold-sensitive channel (Ͻ17°C), also sensitive to cinnamaldehyde, mustard oil, menthol, and icilin (4, 49).
bladder; fura 2 calcium imaging; patch clamp TRANSIENT RECEPTOR POTENTIAL (TRP) channels are nonselective cation channels that function as sensors for various stimuli, including temperature, mechanical stretch, or chemicals (2, 53) . They are highly expressed in primary sensory neurons, where they play a critical role in nociception, mechano-, and thermosensation. In these neurons, distinct sets of TRP channels are coexpressed in different populations of cells. This differential pattern of expression confers functional heterogeneity to primary sensory neurons, and it is the basis for detection of sensory information (8, 16, 31, 32, 53) . TRPV1 is a capsaicin/heat/pH-sensitive channel (16, 17) ; TRPV4 is an osmotic/temperature/mechanical and shear stress detector (24, 36) ; TRPM8 is a cold (Ͻ22-26°C)/menthol/icilin-activated channel (38, 41) ; and TRPA1 is a noxious cold-sensitive channel (Ͻ17°C), also sensitive to cinnamaldehyde, mustard oil, menthol, and icilin (4, 49) .
Immunohistochemistry and RT-PCR identified several TRP channels including TRPV1, TRPV4, TRPM8, and TRPA1 in the urothelium, a specialized epithelial tissue believed to be involved in the detection of chemical and mechanical information and the generation of sensory input from the bladder to the spinal cord (2, 3, 12, 13, 22-24, 28, 39, 48, 50) . Since the discovery of TRP channels in the urothelium, several studies using intravesical administration of selective agonists (9, 23, 28, 40, 50, 58) , genetically engineered mice lacking specific TRP channels (TRP Ϫ/Ϫ mice) (13, 14, 28) , or investigating the changes in the expression of TRP channels in various pathological conditions (1, 22, 37) have attempted to establish a role of these channels in bladder function. Intravesical administration of a TRPV1 agonist (capsaicin) (58) , TRPA1 agonists (trans-cinnamaldehyde or allyl isothiocyanate) (50) , and a TRPM8/TRPA1 agonist (menthol) (40) , have excitatory effects on the reflex bladder activity, increasing micturition frequency, and reducing voided volume. However, these studies often cannot distinguish between actions on urothelial or neuronal TRP channels because the agonists can penetrate through the urothelium and act on the adjacent nerves, which express similar channels.
Knockout mice have provided evidence for a role of TRPV1 (3, 13, 14) and of TRPV4 (28) in bladder function. Using TRPV1 Ϫ/Ϫ mice and cultured urothelial cells, it has been shown that urothelial TRPV1 is involved in stretch-evoked ATP release (13, 14) . Also, in cultured urothelial cells activation of TRPV4 with 4␣-phorbol-12,13 didecanoate (4␣-PDD) (9) releases ATP. These studies suggest that activation of urothelial TRP channels may release transmitters such as ATP, ACh, or nitric oxide (NO) that can act on adjacent afferent nerves to alter their excitability and affect bladder sensations (12, 20, 35, 54) .
Ion channels sensitive to pH changes include the acidsensing ion channels (ASIC) family, which have been implicated in the initiation of inflammation and chronic pain (2, 42) . The ASIC family consists of six members, which can assemble in homomeric and heteromeric channels each characterized by different electrophysiological properties, pH thresholds, and sensitivities to amiloride or other blockers (42) . Recent studies in the mouse bladder have shown predominant expression of ASIC1 mRNA with modest expression of ASIC2,3 mRNA in the urothelium (33) .
In summary, a number of studies suggest that TRP channels are involved in bladder function and/or bladder pathologies (2, 12, 24) ; however, their properties and physiological role in the urothelium are not well understood. This study was undertaken to investigate urothelial TRP channel properties using electrophysiology and fura 2 Ca 2ϩ imaging.
METHODS
Experimental animals. Adult male and female Sprague-Dawley rats (200 -250 g; Harlan, Indianapolis, IN) were used in this study. Care and handling of the animals were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Rat urothelial cell cultures were prepared as previously described (34) . For most of the experiments, bladders from two rats were pooled together to prepare one culture. Data in this paper were obtained from 59 independent cultures. Rats were killed using CO 2. The bladder was removed and placed in cold MEM (Invitrogen, Carlsbad, CA) supplemented with HEPES (2.5 g/l, Sigma, St. Louis, MO) and containing penicillin/streptomycin/fungizone (PSF; 1%; Sigma). The bladder was cut open to expose the urothelium, and incubated in dispase (2.5 mg/ml, Worthington Biochemical, Lakewood, NJ) overnight at 4°C. Urothelial cells were gently scraped from the underlying tissue, placed in trypsin (0.25% wt/vol, Sigma) for 10 -15 min at 37°C, and dissociated by trituration. Cells were suspended in MEM containing 10% FBS (Invitrogen) and centrifuged at 416 g for 10 min. The supernatant was removed, and cells were suspended in keratinocyte media (Invitrogen) with 1% PSF, centrifuged again, and resuspended in the same media. Cells were plated on collagen-coated glass coverslips (20 -24 coverslips/culture) at densities of 50 -125 ϫ 10 4 cells/ml. Media was added after a 4-h incubation period at 37°C and changed every other day. Cells were used 48 -96 h after dissociation. During this time in culture, urothelial cells proliferate and form small islands (ϳ5-30 cells/island) (34) .
Calcium imaging. Urothelial cells were loaded with 5 M fura 2-AM (Molecular Probes, Eugene, OR) for 30 min at 37°C in an atmosphere of 5% CO 2. Fura 2-AM was dissolved in bath solution containing (HBSS; in mM: 138 NaCl, 5 KCl, 0.3 KH2PO4, 4 NaHCO3, 2 CaCl2, 1 MgCl2, 10 HEPES, and 5.6 glucose, pH 7.4, 310 mosmol/l) to which BSA was added (5 mg/ml, Sigma) to promote loading. Coverslips were placed on an inverted epifluorescence microscope (Olympus IX70) or on an upright microscope (Olympus BX61WI) and continuously superfused with HBSS (1.5-2 ml/min), which in some experiments was supplemented with 10 M Trolox (Sigma) to diminish the effects of photobleaching. Fura 2 Ca 2ϩ imaging was performed as previously described (34) . In brief, fura 2 was excited alternately with UV light at 340 and 380 nm, and the fluorescence emission was detected at 510 nm using a computercontrolled monochromator. Image pairs were acquired every 3-30 s using illumination periods between 20 and 50 ms. Wavelength selection, timing of excitation, acquisition, and analysis of images were controlled using C-Imaging software (Compix, Cranberry Township, PA) running on a PC. Digital images were stored on a hard disk for off-line analysis. For image analysis, background was subtracted to minimize camera dark noise and tissue autofluorescence. An area of interest was drawn around each cell, and the average value of all pixels included in this area was taken as one measurement. Data analysis was further performed using Excel (Microsoft, Redmond, WA) and Origin version 7 (OriginLab, Northampton, MA). Baseline intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i ) was determined from the average of five to eight measurements obtained before drug application. Amplitudes of Ca 2ϩ responses were computed as the difference between the peak value and the baseline value. Only cells responding to ATP (10 -100 M; Ͼ95% of urothelial cells responded to ATP), which was used as a control in each experiment, were included in analysis. FAU represents fluorescence arbitrary units, and R is the ratio of the fluorescence signal measured at 340 nm (F 340nm) divided by the fluorescence signal measured at 380 nm (F380nm). The results are given as changes in R (F340nm/F380nm) before and after drug application (⌬R) and as percent increase in R above baseline levels of [Ca 2ϩ ]i (⌬R/R). Electrophysiological recordings. Whole-cell recordings were performed under visual guidance using an inverted microscope (Nikon) equipped with a ϫ40 objective. Cultured urothelial cells form flat monolayers (34) . To promote rounding of these cells, before electrophysiological recordings coverslips were incubated (10 -15 min at 37°C) in nonenzymatic cell dissociation solution (Sigma) with 1.5 mM EGTA. Patch pipettes (2-4 M⍀) contained (in mM) 120 CsOH, 120 aspartic acid, 10 CsCl, 1 MgCl 2, 5 EGTA, and 10 HEPES, adjusted to pH 7.4 with CsOH and to 295 mosmol/l with mannitol. Cells were continuously superfused at 1.5-2 ml/min with an external solution containing (in mM) 130 sodium aspartate, 6 NaCl, 2 CaCl 2, 1 MgCl2, 10 glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH and to 305 mosmol/l with mannitol (55) . Intracellular solutions contained Cs ϩ salts to inhibit K ϩ currents, which could be present in urothelial cells (52) . Osmolarity was measured with a vapor pressure osmometer Wescor 5130 (Wescor, Logan, UT). Experiments were performed at room temperature (20 -22°C). Unless specified, all salts used for external/internal solutions were purchased from Sigma. Recordings were made in voltage clamp with an Axopatch 200B amplifier and AxoClamp version 8 software (Axon Instruments, Molecular Devices, Sunnyvale, CA). Membrane resistance and membrane capacitance were calculated at the beginning of the experiment using a pClamp built-in protocol. R series was recorded every 2-3 min during the entire course of the experiment using a built-in pClamp protocol and in most experiments compensated up to 60%. Voltageramp pulses (from Ϫ100 mV to ϩ100 mV, 200-ms duration, holding at 0 mV), shown in the inset in Fig. 1C , were delivered every 1-2 s. For each cell, a control period of 2-5 min was recorded in the absence of any drugs, and cells that were not stable during this time were discarded. Data were analyzed using pClamp (Axon Instruments), Origin (Microcal, Northampton, MA), and Excel (Microsoft). Time courses of the whole-cell current were obtained by measuring the current at Ϫ80 mV and ϩ80 mV during the voltage-ramp protocol. Current densities were obtained by dividing the current amplitudes by the membrane capacitance. Baseline current was subtracted from the drug-induced current. Rectification ratio was determined by dividing the current measured at ϩ80 mV by the current measured at Ϫ80 mV. Data for each agonist were collected from cells in at least three different cultures.
Drugs. Drugs from concentrated stock solutions were delivered via a gravity-driven system placed in close proximity to the recorded cells. Ruthenium red (RR; Sigma), a broad-spectrum TRP channel blocker, was dissolved in water at 10 -100 mM stock solutions and then further diluted in the external solution to the desired concentration. HC-010961, a selective TRPV4 antagonist from a family of novel antagonists (25) , was a gift from Hydra Biosciences. It was prepared in 1% EtOH in water at 10 mM stock solution and subsequently diluted to 10 M in the external solution. Icilin (Tocris), menthol (Sigma), and 4␣-PDD (Sigma) were prepared at 10 -100 mM stock solutions in DMSO and subsequently diluted to 1-100 M in the external solution. Menthol was prepared fresh every 2-3 h and kept on ice until delivered to the cell. Capsaicin (Sigma) was dissolved in 10% ethanol, 10% Tween 80, and 80% physiological saline. Neither the capsaicin vehicle nor DMSO (up to 1%) increased baseline calcium or induced currents. Acetic acid (AA; 0.1-0.25%) was diluted in the external solution to a pH of 5.2-5.5. HCl was also used to change the pH of the external solution to desired pH ranges. All other salts were purchased from Sigma unless specified.
Statistical analysis. Statistical significance was tested using a paired t-test (significance set at P Ͻ 0.05; Prism 4, GraphPad Software, Inc, San Diego, CA). Throughout the text, data are presented as means Ϯ SE.
RESULTS
Whole-cell voltage-clamp recordings were obtained from a total of 104 urothelial cells with average membrane capacitance ϭ 21.42 Ϯ 1.09 pF and membrane resistance ϭ 0.76 Ϯ 0.10 G⍀ (Fig. 1, A and B) . Background currents were present in urothelial cells ( Fig. 1 and Table 1 ). These currents were sensitive to RR (10 M), a nonselective TRP channel blocker (data not shown). Fura 2 Ca 2ϩ imaging was performed in 979 cells, the majority of which (Ͼ90%) responded to ATP with an increase in [Ca 2ϩ ] i . Previous studies have shown that in this urothelial culture, most urothelial cells (Ͼ95%) stain for cytokeratin 17, a marker of basal/intermediate cells (34) .
TRPV4-and TRPV1-mediated responses. To determine whether the urothelial TRPV4 channel is functional, we examined the effect of the TRPV4-selective agonist 4␣-PDD, a compound with very low activity on protein kinase C (55). In voltage clamp, application of 4␣-PDD (1-5 M) evoked large transient currents in a high percentage of cells (Ͼ95%; Table  1 and Fig. 2, A-D) . The currents were characterized by slight outward rectification and desensitized in the presence of the agonist (30-s or Ͼ1-min applications of the agonist resulted in currents with similar characteristics). A second application of 4␣-PDD after a wash of Ͼ30 min elicited a small (n ϭ 1/4 cells tested) or no response (n ϭ 3 cells). Application of RR (10 M) after the 4␣-PDD response reached a plateau rapidly reduced both inward and outward currents (inward currents 97.0 Ϯ 15.4% reduction from Ϫ60.5 Ϯ 9.5 to Ϫ7.8 Ϯ 8.1 pA/pF; n ϭ 7; paired t-test P Ͻ 0.05 and outward currents 87.8 Ϯ 11.7% reduction from 92.3 Ϯ 21.1 to 14.5 Ϯ 11.6 pA/pF; n ϭ 7; paired t-test P Ͻ 0.05; Fig. 2, C and D) . In some cells (n ϭ 3 cells), RR reduced 4␣-PDD-induced currents below the baseline before application of 4␣-PDD, presumably due to suppression of background currents. RR did not significantly shift the reversal potential (difference between peak 4␣-PDD in control and in 4␣-PDD plus RR, 7.08 Ϯ 4.05 mV; n ϭ 7 cells; paired t-test P Ͼ 0.05), consistent with RR blocking of the pore of the TRPV4 channel. Replacement of permeant extracellular Na ϩ ions with poorly permeable NMDG ions greatly reduced the 4␣-PDD inward current (from Ϫ38.2 Ϯ 14.9 to Ϫ5.9 Ϯ 5.4 pA/pF; n ϭ 8; paired t-test P Ͻ 0.05; Fig. 4 and Table 1 ). The capsaicin-sensitive cells responded to low concentrations (5 and 10 M) of capsaicin. In nonresponsive cells, even a higher concentration of capsaicin (100 M) did not elicit responses, indicating that the concentration of capsaicin was not a factor for the absence of responses. Among the eight capsaicin-responsive cells, six responded to the TRPV4 agonist 4␣-PDD (3 tested before capsaicin and 3 tested after capsaicin), while the remaining two cells were not tested for 4␣-PDD. Among the capsaicinunresponsive cells, 13 were tested with 4␣-PDD and 77% of them (10/13) responded to 4␣-PDD whether it was tested before (n ϭ 3) or after (n ϭ 7) capsaicin, demonstrating that cells were able to respond to other chemical stimuli. Table 1 ). These responses were repeatable and were abolished by the TRPV1 antagonist capsazepine (n ϭ 28 cells; 10 -30 M; Fig.  4C ). There was considerable variability between coverslips in the percentage of cells that responded to capsaicin. In 5 coverslips, all or a high percentage of cells responded (Ͼ60%), in 3 other coverslips ϳ20% of cells responded, and in the remaining 15 coverslips no cells responded. The nonresponsive cells were healthy, as they responded to ATP or to other stimuli.
TRPA1/TRPM8-mediated responses. The TRPA1/TRPM8 agonist icilin (50 -100 M applied for 30 -60s) elicited transient currents in 71.4% (10/14) of urothelial cells (Table 1 and Fig. 5, A and B) . The responses could be repeated after a ϳ10-min washout, albeit the second response was smaller in amplitude than the first one (inward current density ϳ30% smaller; n ϭ 4; Fig. 5, C and D) . Application of the nonselective blocker of TRP channels RR (10 M for 20 s) after the icilin response reached a plateau markedly reduced the inward and outward currents ( Fig. 5E ; 88.3 Ϯ 22.6% reduction in inward currents from Ϫ40.6 Ϯ 16.6 to Ϫ2.6 Ϯ 9.5 pA/pF and 80.6 Ϯ 14.2% reduction in outward currents from 29.3 Ϯ 11.4 to 2.7 Ϯ 3.6 pA/pF; n ϭ 3). Icilin also produced transient increases in [Ca 2ϩ ] i in 21.3% of cells (n ϭ 13/61 cells; Fig.  5F ). The TRPA1 agonist cinnamaldehyde (2-50 M) applied for 30 -60 s elicited currents of various magnitudes that never returned to baseline after washout of the drug (n ϭ 6 cells; Fig.  6, A and B) , most likely resulting in cell death, suggesting that cinnamaldehyde was toxic to the cells.
When tested for sensitivity to other stimuli, two of two icilin-responsive cells responded to cinnamaldehyde, three of three cells responded to 4␣-PDD, and one of five cells responded to capsaicin. The TRPA1/TRPM8 agonist menthol (Table 1 and Fig. 6, C and D) . Menthol-responsive cells also responded to icilin (3/3). Fura 2 Ca 2ϩ imaging revealed that menthol (100 or 500 M) elicited Ca 2ϩ responses in 12.1% (30/248) of cells in 3 of the 11 coverslips from 10 rats ( Table 1) . As in the case of capsaicin, there was great variability between coverslips. In the three responsive coverslips, a high percentage of cells (Ͼ90%) responded to menthol while in the remaining eight coverslips no cell responded. The nonresponsive cells were healthy, as they responded to ATP or to other stimuli.
ASIC-mediated responses. To test for the presence of ASIC channels, whole-cell currents were recorded before and after changes in pH using HCl and/or AA in the presence of the TRPV1 antagonist capsazepine (10 M). By itself, capsazepine had no effect on background currents or on baseline [Ca 2ϩ ] i. . When the external solution was adjusted to pH 5.2-5.5 using HCl, currents were induced in 57% of cells (n ϭ 8/14 cells; Table 1 and Fig. 7A) . In some cells, the currents had a biphasic-like appearance (3/8; Fig. 7Aii ). Regardless of whether the cells responded to HCl-adjusted pH, all cells tested (n ϭ 11) responded to a similar change in pH (5.2-5.5) using AA (0.1-0.25%) with large, repeatable biphasic-like currents (Table 1 and Fig. 7B ). In three of four cells tested, the response to AA was sensitive to amiloride (10 M; Fig. 7B ). Using fura 2 Ca 2ϩ imaging, we tested the responses only to pH 6.5 adjusted with HCl because a pH lower than 6.0 affects fura 2 directly. In the presence of capsazepine (10 M), transient Ca 2ϩ responses were detected in 25% of cells (37/148). Responses were repeatable and reduced by ϳ75% in the presence of amiloride (10 M; from 46.5 Ϯ 17.8 to 12.6 Ϯ 4.6 ⌬R/R; n ϭ 14 cells; Fig. 7C ).
DISCUSSION
This study revealed that activation of TRPV1, TRPV4, TRPM8, TRPA1, and ASIC-like channels in primary urothelial cells culture induces ionic currents and changes in [Ca 2ϩ ] i . Single urothelial cells responded to different stimuli, indicating that one cell can express multiple functional TRP channels. These channels might be involved in the mechanisms underlying the release of transmitters from the urothelium and might contribute to the putative sensory function of the urothelium, as well as play a role in homeostatic mechanisms related to cell proliferation and differentiation. Urothelial cells express multiple TRP channels similar to those in afferent nerves. The expression of TRP channels in the urothelium was previously examined using mainly immunostaining and/or PCR (3, 9, 12, 13, 22, 23, 39) , methods that do not assess the functionality of the channels. Information about the function and role of urothelial TRP channels was inferred from studies using intravesical application of selective TRP agonists (1, 9, 40, 50, 58), a method that cannot entirely distinguish between an effect of the drug on the urothelium or on adjacent afferent nerves as drugs can pass through the urothelial barrier. In this study, we investigated functional TRP channels in individual cells using patch-clamp and Ca 2ϩ imaging techniques in a culture system. The urothelium consists of three layers of cells: basal, intermediate, and the outer layer formed by umbrella cells. Under our culture conditions, urothelial cells predominantly stain for cytokeratin 17 (34) , which is expressed in basal and intermediate cells but not in umbrella cells. Thus umbrella cells have not been investigated here. Cells in different layers of the urothelium could express different receptors. In the mouse bladder, immunostaining for TRPV4 was strong in the basal and intermediate cell layers and weak or absent in the umbrella cell layer (28) . In mouse and human bladder, M1 muscarinic ACh receptors (mAChRs) were predominantly expressed in the basal cells, M2 mAChRs were restricted to the umbrella cells, and M3, M4, and M5 mAChRs were expressed throughout the urothelium (15, 59) .
TRP and ASIC channels are expressed in urothelial cells as well as in primary sensory neurons that terminate in the vicinity of basal and intermediate layers of the urothelium. Immunostaining revealed that TRPV1 is expressed in the majority of urothelial cells (13) , while the present study revealed that only a fraction of cells (ϳ25%) responded to the TRPV1 agonist capsaicin. This difference may be related to the cellular localization of TRPV1 (i.e., in the cytoplasm rather than in the plasma membrane). In contrast to the urothelial cells, capsaicin responses have been detected in a large percentage of bladder primary sensory neurons (Ͼ70%) (21, 57) . 4␣-PDD responses were found in the majority of urothelial cells, consistent with immunostaining illustrating TRPV4 expression throughout the basal and intermediate urothelial layers (9) . Immunostaining of TRPV4 was shown in dorsal root ganglion (DRG) neurons innervating visceral organs (e.g., the colon), where 4␣-PDD increased [Ca 2ϩ ] i and elicited currents with characteristics (i.e., outward rectification) similar to those of the urothelial cells (18) . TRPM8 and TRPA1 are expressed in the urothelium (5, 22, 23, 39, 48, 50) and in the sensory neurons (in 10 -20%) (38, 41, 43, 49) , including the primary sensory neurons innervating the bladder, where ϳ50% of neurons stain for TRPA1 (23) . In our study, icilin and menthol, which activate both TRPA1 and TRPM8, evoked ionic currents. However, icilin elicited responses in most urothelial cells, while menthol elicited responses in a smaller population of cells (ϳ40%). TRPM8 responses were reported to be insensitive to RR, a general blocker of TRP channels (7, 41) . In our experiments, icilinevoked currents were sensitive to RR, and thus we attribute icilin responses at least in part to the activation of TRPA1. In addition, cinnamaldehyde, another TRPA1 agonist, elicited currents in urothelial cells (Fig. 6 ). (19) , and in DRG neurons (18, 46) . The properties of menthol-and capsaicin-induced currents were somewhat different from those of the sensory neurons, Chinese hamster ovary cells transfected with TRPM8, or HEK-293 cells transfected with TRPV1 cDNA, where whole-cell recordings showed currents with outward rectification (17, 38, 41) .
In addition to TRP channels, urothelial cells also express proton (pH)-sensitive channels, as lowering the pH to 5.2-6.5 with AA or HCl elicited currents and [Ca 2ϩ ] i changes. AA responses were different from HCl-induced responses, in both the percentage of responding cells and the characteristics of the currents (Table 1) . For the same pH range (5.2-5.5), all cells responded to AA, while only ϳ50% of cells responded to HCl-adjusted pH. Cells that did not respond to HCl-adjusted pH responded to AA-adjusted pH. Another difference was that AA elicited biphasic-type currents with a fast component followed by a slower component in the majority of cells (80%), whereas HCl elicited biphasic currents in a lower percentage of cells (ϳ40%). This difference might be due to a distinct action of acetate on other channels than ASIC, such as a calciumactivated K ϩ channel (29) . Based on the sensitivity to amiloride and on recent studies in mouse bladder which show predominant expression of ASIC1 with little expression of ASIC2,3 (33), our results suggest that ASIC1 might underlie the responses to pH, although we cannot rule out the contribution of other subtypes. ASIC currents sensitive to amiloride have also been described in the lumbosacral DRG neurons innervating the bladder, where the majority (ϳ78%) of neurons responded to pH 5 and in ϳ21% of them the currents had a biphasic appearance (21) .
Role of multiple TRP and ASIC-like channels in urothelial cells. One interesting finding of our study is that individual urothelial cells can express multiple TRP channels, similar to DRG neurons (8, 16, 32) . 4␣-PDD (TRPV4 agonist) and icilin (TRPA1/TRPM8 agonist) elicited responses in a high percentage of urothelial cells, indicating coexpression of TRP channels.
In the experiments where we tested multiple chemical stimuli in one cell, we also found coexpression of TRP channels (e.g., capsaicin and 4␣-PDD or icilin and 4␣-PDD elicited currents in the same cells).
In primary sensory neurons, distinct sets of TRP channels are expressed in subpopulations of neurons and together with other ion channels fine tune that population for the detection of particular sensory information. Histological markers (e.g., myelination or neuropeptides) are further used to characterize these distinct DRG populations (8, 16, 32) . Such characterization and subdivision of cells could also exist in the urothelium. Even though the population of urothelial cells studied here seemed homogeneous in regard to markers such as cytokeratin 17 and responses to ATP, we did find differences in TRP responses, which could suggest subpopulations with distinct functions (i.e., cells responsive to chemical stimuli and cells responsive to mechanical stimuli). What would be the reason for different urothelial populations? The sensory innervation of the bladder is denser at the base and sparse at the dome (27) ; therefore, cells located at the base may have different sets of TRP channels than those of the cells located at the dome of the bladder, which may allow them to better communicate with the underling nerves.
The mechanisms by which activation of urothelial TRP and ASIC channels contributes to modulation of bladder reflexes might involve the ability of these channels to elicit ionic currents and changes in the [Ca 2ϩ ] i that can result in transmitter release. Urothelial cells release ATP, NO, or ACh, transmitters that can act on afferent neurons to alter their excitability (6, 10, 26, 30, 34, 35, 44, 54) . Thus alterations in TRP channel expression or function, which have been reported in pathological conditions (1, 2, 12, 22, 37) , might lead to altered extracellular levels of neurotransmitters in bladder mucosa and in turn to altered afferent nerve activity and altered bladder function. Indeed, previous studies reported upregulation of ATP release from bladders that are overactive as a result of inflammation (47) or spinal cord injury (45) and increased ATP release from urothelial cells from human patients (51) or cats (11) with interstitial cystitis (for a review, see Ref. 44) .
Another characteristic of TRP channels is high permeability to Ca 2ϩ . Changes in [Ca 2ϩ ] i are involved in processes ranging from cell proliferation to cell death. In vivo, urothelial cells undergo a progressive differentiation from basal to intermediate and to umbrella cells. This process takes 3-6 mo in humans (12) , but injury to the urothelium markedly stimulates proliferation. Thus Ca 2ϩ entry through TRP channels might be involved in homeostatic mechanisms underlying cell proliferation and differentiation in normal and pathological conditions. In summary, urothelial cells express multiple TRP and ASIC channels whose activation produces ionic currents and Ca 2ϩ influx, similar to responses occurring in the primary sensory neurons. These properties might underlie the basic mechanisms for the release of transmitters (e.g., ATP, NO, ACh) or other factors (e.g., prostaglandins) that can act on afferent neurons or smooth muscle cells to communicate changes occurring in the bladder lumen/urine (e.g., infection, noxious chemicals) which could be deleterious to the lower urinary tract. Transmission of this information from the bladder to the central nervous system can induce a defense reaction such as reflex voiding to eliminate noxious substances.
